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ABSTRACT * ) 
Observations by polarized light of the microstructures 
formed during the pyrolysis of materials used tó fabricate 
graphitic artifacts have directed attention to the narrow 
range of temperature during which the carbonizing liquid 
exists as a liquid crystal called the carbonaceous mesophase. 
The poor polishing characteristics of the unhardened 
mesophase required modifications to the preparation 
methods used for carbons and graphites. A temperature 
gradient heat-treatment technique was employed to obtain 
specimens representative of the various mesophase mor-
phologies developed in the short plastic range. Three 
mechanisms - the mesophase transformation itself, the 
coalescence of the initial spherules to bulk mesophase, and 
the plastic flow before hardening - act to establish the 
principal features of the lamelliform morphology of a 
graphitizable coke. Fine insoluble particles are segregated 
by the mesophase transformation, and the effect of 
graphitic substrate particles is to align the mesophase layers 
parallel to the layer planes of the substrate. Upon heat 
treatment of the hardened mesophase to graphitizing 
temperatures, shrinkage-cracking and fine-scale mechanisms 
of fold-sharpening and polygonization take place to yield 
the final microstructure of the graphitic product. 
INTRODUCTION 
The techniques of optical micrography applied to 
commercial organic materials at various stages of carboniza-
tion and graphitization have been fruitful in recent years in 
shedding light on the mechanisms acting to make a material 
graphitizable. [1-7] Although the chemical reactions in-
volved in liquids-phase pyrolysis are complex, [8-11] the 
problems of understanding the formation of the morpho-
logy have been simplified by the recognition, originally by 
Brooks and Taylor, [1,2] of the significant role of the 
mesophase transformation which takes place in graphitiz-
able organic materials during carbonization between 400 
and 500°C. The carbonaceous mesophase is the result of a 
liquid-state structural transformation in which the large 
planar aromatic molecules produced by the pyrolysis 
reactions are aligned parallel to form an anisotropic liquid 
crystal. 
Although the carbonaceous mesophase behaves as a solid 
material at room temperature, the properties vary over a 
wide range depending on the heat treatment. Thus a 
complete study of the development of microstructure in a 
graphitizable material during pyrolysis from the tempera-
ture of the mesophase transformation to 3000°C [6] 
encounters a number of problems of micrographie prepara-
tion. At room temperature, freshly formed mesophase 
which has not been heat-treated beyond the plastic liquid-
crystalline condition is friable and readily crumbles under 
stress. Furthermore pyrolysis in the plastic region usually 
leads to the nucleation, growth, and percolation of gas 
bubbles, and the mesophase is locally subjected to extensive 
plastic deformation; these strains can produce a fibrous 
folded microstructure, which requires high magnifications 
for satisfactory resolution. After hardening by continued 
pyrolysis, anisotropic shrinkage effects take place, leading 
to the formation of lamellar cracks in a wide range of sizes. 
Upon heat treatment to graphitizing temperatures, the 
mesophase fossils soften as the graphite crystallinity is 
developed, and magnifications near the upper limit of 
optical techniques are necessary to resolve the microstruc-
tural processes of fold-sharpening and polygonization. 
When micrographie methods are applied to the materials 
and processes employed in the fabrication of commercial 
graphitic products, the problem of hard particles in a soft 
matrix is encountered in two forms. Firstly, most binder 
and imprégnant pitches contain, or develop in the early 
stages of pyrolysis, [2] appreciable quantities of hard 
particles which resemble carbon black in size and shape. 
[12] Although these particles are insoluble in the car-
bonaceous mesophase, they act to modify the micro-
structure as well as to increase the difficulties of polishing. 
Secondly, conventional graphite manufacture involves the 
fabrication of binder-filler artifacts in which the filler coke 
remains in a more advanced state of pyrolysis than the 
binder or imprégnant until the later stages of heat treat-
ment are reached. Accordingly the problem of polishing 
relief usually enters to complicate the micrographie pre-
paration of the pregraphitic artifacts. 
One purpose of the present paper is to describe how the 
foregoing problems have been attacked using conventional 
metallographic techniques but with special care in the later 
stages of polishing. In some cases it is evident that more 
complicated methods, such as low-temperature polishing or 
cathodic etching, [13] would be useful in making further 
improvements in preparation. However relatively simple 
techniques have been adequate to reveal the principal 
features of the microstructure at the magnifications 
accessible to optical observation, and the degree of success 
attained is illustrated by photomicrographs and structural 
sketches of specimens chosen to represent the micrographie 
problems outlined above. 
The ultimate objective of the micrographie studies is to 
contribute to a scientific basis for the control of the 
morphology of the carbons and graphites produced by 
liquid-phase pyrolysis. Accordingly a second purpose of this 
parper is to present further results to add emphasis and 
detail to the point [4,6,14] that the principal features of 
the morphology are established by the molecular alignment, 
coalescence, and flow which occur in the carbonaceous 
mesophase during the short interval of time and tempera-
ture in which it is liquid or plastic. The effects of further 
heat treatment of the hardened, or coked, mesophase 
comprise microstructural modifications which are minor by 
comparison with those resulting directly from the 
mesophase transformation. 
*) M a n u s c r i p t r e c e i v e d on J a n u a r y I 9 , 1970 
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MATERIALS PREPARATION AND PYROLYSIS 
The methods of micrographie preparation described here 
have been found suitable for various types of graphitizable 
materials used in the fabrication of graphitic artifacts, 
including coal-tar pitches used as binder or imprégnant and 
petroleum coker feedstocks used in the manufacture of 
filler coke. However the morphologies formed by the heat 
treatment of these commercial materials or their binder-
filler artifacts have resisted micrographie analysis not only 
because of polishing difficulties but also because the effects 
of insoluble particles, substrate grains (i.e., filler cokes), 
bubble percolation,^ and shrinkage-cracking combine to 
produce complex microstructures whose details lie near or 
beyond the limit of resolution of ordinary optical tech-
niques. Accordingly we have sought to simplify the analysis 
experimentally by beginning with the relatively simple 
mesophase morphologies formed in selected coal-tar pitches 
from which the insoluble particles have been removed by 
solvent extraction.[5,6] Proceeding from this base, subse-
quent experiments were designed to investigate the specific 
microstructural modifications resulting from the presence 
of insoluble particles or substrate grains or from the use of 
different starting materials. 
The solvent-extraction process employed to remove the 
insoluble particles from coal-tar pitch followed the pro-
cedure of Hooker and Norman.[12] The extraction was 
made with tetrahydrofuran at 60°C. After cooling to room 
temperature, the solution was filtered through successively 
finer sintered-glass filters, the final filter being specified as 
two microns in pore size. Although electron micrographs 
reveal that most of the hard insoluble particles in a typical 
binder pitch are less than two microns in diameter,[12] 
their ready agglomeration with the high-molecular-weight 
components which are also insoluble in tetrahydrofuran 
accounts for their effective removal by the two-micron 
filter. After filtration, the tetrahydrofuran was removed by 
evaporation from large pans in a vacuum oven. 
The effects of substrate grains on the formation of the 
mesophase morphology were observed in specimens pre-
pared by adding sizes particles of calcined petroleum coke 
or natural graphite flakes to extracted pitch. Similar 
observations were made on some specimens consisting of 
extracted pitch containing four types of carbon-coated 
spheres representing the pyrolytic carbon structures made 
in the fluidized bed, viz., laminar, isotropic, granular, and 
columnar. As-received samples of coal-tar pitch proved 
satisfactory for observations of the effects of insoluble 
particles on the development of microstructure; an impreg-
nating pitch was selected for the initial studies in view of its 
relatively low content of insoluble particles. 
Although quantitative kinetic information on the 
mesophase transformation and the subsequent processes of 
coalescence, bubble percolation, and hardening are present-
ly quite limited in scope, it is clear that the transition and 
the resulting structures are sensitive to temperature and the 
rate of heating for both coal-tar pitches [2,4,6,15] and 
petroleum coker feedstocks.[16,17] Therefore a tempera-
ture-gradient heat-treatment technique was developed to 
obtain series of specimens representative of slightly varying 
degrees of heat treatment. A schematic diagram of a 
temperature gradient furnace designed for this purpose is 
shown in Figure 1. 
The temperature-gradient is maintained in a steel bar 
OLASS CELL 
INLET FOR INERT CAS 
CONTAINMENT BOX FOR THERMAL INSULATION 
Fig. 1 Schematic diagram of a temperature-gradient 
furnace for the liquid-phase pyrolysis of organic 
materials. 
into which are inserted pyrolysis tubes made of glass or 
metal. Copper sleeves are employed to improve the 
temperature uniformity in each cell. Two rows of cells have 
been used in experiments aimed at comparing the structures 
found in different starting materials or in the presence of 
various substrate particles. A glass plate on the top of the 
cell compartment permits qualitative observations of gas 
evolution and mesophase hardening. 
In the usual operation, the desired temperature gradient 
is first established by adjustment of the power in the 
internal end-heater. About six hours are required to attain a 
steady-state condition. Then the entire bar is increased in 
temperature by applying a programmed power input to the 
main side-heaters. Gentle and uniform heating is often 
necessary, at rates of the order of 10°C/hr or less, in order 
to pass through the mesophase transformation and the 
subsequent plastic range of the mesophase without excess-
ive foaming by bubble percolation. 
After the mesophase has hardened, special care in heat 
treatment is no longer necessary. In the present work, 
several types of graphite resistance furnace have been used 
for heat treatments above 600°C. The specimens of 
hardened mesophase were heat-treated in graphite cups 
which contained thermocouple wells for heat treatments to 
1000°C or black-body cavities for heat treatments to higher 
temperatures. 
MICROGRAPHIC PREPARATION 
The micrographie preparation of the carbonaceous 
mesophase comprises the steps of impregnation and moun-
ting, grinding, rough polishing, and final polishing. The 
procedures were developed from those employed in the 
micrographie preparation of conventional carbons and 
graphites [18,19] and differ appreciably only in the final 
steps. 
In order to obtain good definition of the pores and 
cracks formed during heat treatment, a process of vacuum 
impregnation and mounting based on that described by 
Clark[19] was applied to the mesophase specimens by 
means of the apparatus diagrammed schematically in Figure 
2. After each specimen is cut to expose the deshed 
cross-section, it is placed face-down in a metal tube which is 
closed at the bottom by tape. The walls of the tube are 
coated with a silicone grease to prevent adhesion to the 
mount. The specimens are degassed for an hour to a 
pressure of 10 microns Hg or less. Then the freshly mixed 
epoxy resin*(e.g., PALATAL**made by the Bayerische 
Aniline und Soda Fabrik) is introduced to each specimen, 
initially dropwise until the specimen is saturated, and then 
more rapidly to fill the tube to a depth of about 1.5 cm. 
The delivery tube may be rotated in the vacuum seal in the 
desiccator cover to repeat the impregnation process for 
each specimen. The vacuum is controlled carefully at first 
to avoid excessive frothing and then maintained at 
minimum pressure as long as bubbles continue to rise from 
* epoxy resin has to be: unsaturated polyester 
** Palatal-type 5 
1 . Premixed resin 
2. Rotating seal 
3- Metal tube 
4. Scotch tape 
5· To mechanical 
vacuum pump 
Fig. 2 Apparatus for vacuum impregnation of meso-
phase specimens. 
the specimens, normally about 30 minutes. Then atmos-
pheric pressure is admitted to complete the process of 
driving the imprégnant resin into the pores and cracks. 
About ten hours are required to harden the resin·; warm-
curing to accelerate this process appeared to be detrimental 
by causing fractures between the mount and the impreg-
nated specimen. 
The mounted specimens are ground by hand on silicon 
carbide papers, using tap water as lubricant and pro-
gressing from 320 to 600 grit. Light but steady pressures 
are used while mamtaining the same direction of grinding 
on each paper. The best results are obtained by using fresh 
paper for each speciment and by grinding somewhat further 
than necessary at each grit level to remove the scratches 
from the preceding paper. After the final grinding on 600 
grit paper, the surface of the specimen should appear bright 
independent of the level of heat treatment. 
The process of rough polishing is made by hand in two 
stages on a wheel rotating at 200 rpm and covered with a 
TEXMET cloth. During each stage, the direction of polish is 
maintained constant except for reversals made at regular 
intervals by lifting and rotating the specimen by 180 C in 
the operator's hand; accordingly the specimen is not moved 
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crossed polarizers 
mesophase sphere with 
section including 
polar diameter 
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Fig. 3 The structure of mesophase spherules, formed by the pyrolysis of an extracted coal-tar pitch to 464°C. 
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about the wheel but is only moved laterally between the 
center and the periphery. In the first stage, the polishing 
cloth is charged with 0.3-micron alumina (Buehler ALPHA 
MICROPOLISH), distilled water is used as lubricant, and 
relatively heavy pressures are applied. The specimen is 
thoroughly cleaned by a water jet before undertaking the 
second stage in which the polishing cloth is charged with 
0.05-micron alumina (Buehler GAMMA MICROPOLISH), 
and the technique is altered only by reducing the pressure 
as the polishing advances. At the conclusion of rough 
polishing, the characteristic mesophase microstructure 
should be discernible by observation with crossed polar-
izers, although with many fine scratches still present. 
The final polishing is performed on a vibratory polisher 
(Buehler VIBROMET) operating in a dust-free atmosphere. 
The only fully satisfactory results have been obtained by 
use of a fresh and quite clean Selvyt MICROPOLISH cloth 
with distilled water as lubricant and no polishing abrasive. 
Care is required to adjust the vibration rate to the polishing 
behaviour of each specimen; if the rate is too low, the 
polish is ineffective, but at excessively high rates the more 
friable specimens can be seriously damaged. The polishing 
time varies with the nature of the specimen, but conditions 
can usually be found to complete the final polishing within 
an hour. When the polish is complete, the carbonaceous 
mesophase has a characteristic bright luster by which it is 
readily distinguished by the naked eye from untransformed 
material. 
The foregoing procedure may produce appreciable relief 
in specimens consisting of components with a large dis-
parity in polishing hardness. Since the mesophase structure 
in the immediate neighbourhood of a hard substrate is 
often of special interest, a modified procedure using 
diamond abrasive was developed to give a more planar as 
well as a more nearly finished surface at the conclusion of 
the rough polishing. An automatic polisher (Buehler 
POLIMET with WHIRLIMET attachment) with a nylon 
cloth is used with lapping oil as lubricant. The rough polish 
is made in two stages with 1-micron and 1/4-micron 
diamond powder, respectively. Light pressures and 
moderate speeds (e.g., 250 rpm) are used, and the polishing 
time in each stage is typically one hour. At the conclusion 
of this modified procedure for rough polishing, the rather 
fine scratches still remaining in the mesophase can be 
reduced by a brief vibratory polish on Selvyt MICRO-
POLISH cloth with no polishing abrasive. The time for this 
final polishing is chosen for each specimen to compromise 
perfection of polish against the development of relief and 
varies depending on the disparity in hardness as well as the 
type of observation to be made. 
MICROGRAPHIC RESULTS 
The value of polarized-light micrography in studies of 
the mechanisms of carbonization and graphitization stems 
from the fact that the strong optical anisotropy character-
istic of the graphite crystal [20,21] begins with the parallel 
alignment of the aromatic molecules to form the car-
bonaceous mesophase. Accordingly the polarized-light res-
ponse on a polished section can be used to identify the 
orientations of the mesophase layers relative to the plane of 
section [22] as well as to distinguish the specific types of 
layer-stacking discontinuity. [5,6] Furthermore the sensi-
tive-tint technique is useful in illustrating the orientational 
relationships which exist between the mesophase layers and 
various substrate materials. [1,2] The flexibility of working 
with both crossed and parallel polarizers, as well as with 
intermediate angles between the analyzer and polarizer, can 
be advantageously employed to emphasize particular micro-
structural features, e.g., the segregation of insoluble par-
ticles during the carbonization of commercial materials. 
The mesophase spherules formed in the pyrolysis of an 
extracted electrode pitch are illustrated at an early stage of 
their nucleation and growth by Figure 3. At this stage the 
mesophase is very fragile and crumbles when lightly pressed 
with a blunt probe. However in the absence of insoluble 
particles a satisfactory polish is readily achieved, with 
special delicacy required only in the final stages. It should 
be noted that the ultrasonic cleaning commonly employed 
with metals can easily destroy the freshly formed 
mesophase, and we have eliminated ultrasonic cleaning 
from our procedures regardless of the heat treatment of the 
mesophase. 
The structural sketch, which indicates the orientations 
of the mesophase layers relative to the plane of section, was 
prepared from a series of polarized-light micrographs made 
at increasing angles of stage rotation. As observed with 
crossed polarizers, the extinction contours define the loci 
of points where the layers are either parallel or perpen-
dicular to the plane of polarization of the incident 
light.[22] Observations by parallel polarizers or the sens-
itive-tint technique may be used to resolve these cases, and 
the structure may then be sketched by applying an overlay 
successively to the series of micrographs. The area of Figure 
3 was chosen because two spherules have been fortuitously 
sectioned quite near to their polar diameters, thus revealing 
the layer-stacking pattern of the liquid crystal. This 
characteristic structure of the simple spherules formed in an 
extracted coal-tar pitch was first demonstrated by Brooks 
and Taylor [1] by applying selected-area electron diffrac-
tion to thin sections of spherules sectioned on or near to 
their polar diameter. The layers are aligned perpendicular to 
the polar diameter but curve to meet the interface with the 
isotropic matrix at a high angle. The poles constitute 
anomalous regions, but this is reflected in little if any 
departure of the droplet from spherical geometry. 
As the pyrolysis of the extracted pitch proceeds to 
higher temperatures, the mesophase spherules grow rapidly 
and sink to the bottom of the container owing to their 
density being higher than that of the isotropic matrix. 
[4,7,15] When the spherules meet, coalescence may occur, 
leading ultimately to the bulk mesophase illustrated by 
Figure 4. The large coalesced drops, as well as the bulk 
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a) lOOx, crossed polar izers , b) 82Qx, crossed polarizers 
mesophase, display complex arrays of polarized-light ex-
tinction contours. The lamelliform morphologies corres-
ponding to these arrays have been analyzed in previous 
papers [5,6 ] in which the nodes and crosses are classified as 
four specific types of linear discontinuity in the layer 
stacking. 
As suggested by Figure 4a, there appears to be an upper 
limit, for a given coal-tar pitch and heat treatment, to the 
size of the droplets found with the simple structure of the 
mesophase spherule. Figure 4b illustrates spherules and 
droplets of varying complexity caught in the act of 
coalescence. These micrographs also show some small 
islands of isotropic material, which could comprise untrans-
formed pitch trapped geometrically by the coalescence 
mechanism. However these isotropic islands are often found 
deep within the bulk mesophase. Since Honda et al. [7] 
have shown that pyrolytic reactions continue in the 
mesophase after transformation it seems likely that many 
of these islands have been formed by the rejection of 
reaction products whose molecules are incompatible with 
the carbonaceous mesophase. 
In order to gain further insight into the coalescence 
process, the structural sketch of Figure 5 was prepared. As 
indicated by the radii of curvature of the mesophase-matrix 
interface, the two coalescence processes shown here are in 
two quite different states of assimilation. The mechanism 
of coalescence appears to be a simple process of interleaving 
of the mesophase layers. The fact that many spherules resist 
coalescence despite their contiguity can reasonably be 
attributed to the layers in the adjacent bodies not being 
sufficiently parallel for initiation of the interleaving 
mechanism. 
The viscosity of the mesophase formed in the pyrolysis 
of the extracted pitch is sufficiently low to permit 
appreciable structural rearrangement by flow during and 
after coalescence. The end result of this rearrangement 
would presumably be the equilibrium defect-free structure 
of the simple spherule (cf. Figure 3), provided that the 
rearrangement process is not interrupted by hardening or 
complicated by new coalescence processes. The excess 
F ig . 4 The coa lescence of spherules to form bulk mesophase in an extracted impregnating pitch pyro-
lyzed to 465°C. 
- ? -
Indicates mesophase regions which 
are optically isotropic. 
crossed polarizers. 
500 χ 
50 microns 
Fig . 5 Photomicrograph and structural sketch illustrating the coalescence process in an 
extracted coal-tar pitch. 
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Fig'. 6 Coalescence with limited 
structural rearrangement, as ob-
served in the pyrolysis of a 
resin. 
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energies associated with the mesophase-matrix interface, 
the layer-stacking defects, and the layer-folding appear to 
constitute the driving forces for the rearrangement process, 
and the intensity of these forces will dissipate rapidly 
as the droplet grows and the density of defects and 
folds is decreased. The extent of rearrangement in response 
to these forces will depend on the viscosity and its rate of 
increase as the mesophase pyrolysis reactions continue. 
Although quantitative data for these properties do not 
exist, it is clear that there is a droplet size, dependent on 
the specific properties of the particular mesophase as well 
as the schedule of heat treatment, at which rearrangement 
becomes^ too sluggish to keep up with the structural 
complications of further coalescence, and the various defect 
structures will thus be locked into the larger droplets and 
bulk mesophase. 
Observations of a variety of extracted coal-tar pitches 
revealed essentially the same general behavior of nucleation, 
growth, coalescence and structural rearrangement of the 
mesophase, although there were some minor differences in 
the transformation temperatures. However when attention 
was directed -to other types of graphitizable organic 
materials, some rather different microstructures were 
found; the first case was the hydrocarbon resin illustrated 
in Figure 6. In the early stages spherules were formed as in 
the case of .the coal-tar pitches, but these spherules appear 
to nucleate more rapidly in comparison with their growth 
and coalescence, leading to a dense array of small spherules. 
Coalescence occurs, but in a stringy manner, and with less 
rearrangement of the coalesced microstructure. Strings or 
layers of spherules extend through the isotropic matrix, 
trapping relatively large islands of untransformed material, 
and thus producing a strong tendency to foaming during 
continued pyrolysis. Observations at higher magnification 
show that the polarized-light extinction contours display 
nodes and crosses and behave in the same manner as in the 
case of the coarse-structured mesophase formed from the 
coal-tar pitches. 
The phenomenon of stringy coalescence may also be 
observed in petroleum coker feedstocks; see Figure 7. Such 
feedstocks range appreciably in chemical content, depen-
ding upon the crude petroleum source as well as the 
operating pattern of the refinery in which they are 
produced, but in general they contain lower amounts of 
aromatic compounds and larger amounts of heteroatoms 
than the coal-tar pitches. [17] The mesophase transfor-
mation illustrated in Figure 7 for a relatively low-sulfur 
feedstock begins,by nucleation and stringy coalescence to 
form a bulk mesophase with a fine structure of extinction 
contours.* The fine-structured coalescence leads to a 
randomized microstructure which appears by qualitative 
microscopic observation to be isotropic on a scale of the 
order of 100 microns. However the mesophase formed at a 
later stage of pyrolysis undergoes coalescence and re-
arrangement to give a coarse structure of extinction 
contours. In some cases this coarse-structured mesophase 
appears to have filled the pores formed earlier in the stiffer, 
more finely structured mesophase. Thus is formed a 
'two-phase' microstructure, which persists through the 
hardening process. t 
The possibility of producing a randomly oriented and 
fine-structured coke of reasonable graphitizability is 
promising for various modern applications of graphitic 
materials.[23] For example, extensive studies of the effects 
of irradiation on model structures of pyrolytic carbon 
indicate that microstructures which are highly graphitic and 
isotropic should offer exceptional dimensional stability 
under the operating conditions of power reactors of 
advanced design. [24] Recent observations by Pitner [25] 
on various grades of a commercial graphite possessing these 
characteristics (POCO graphite) confirm this point. 
Studies of the relationship of the graphitizability to the 
chemistry of the starting materials are relevant to the 
question of preparing a fine-structured, isotropic, and 
graphitizable coke. The results obtained by Ihnatowicz et 
al. [4] and by Kipling et al. [26] on the effects of oxygen 
and sulfur, respectively, in the starting materials are 
particularly useful because these investigators related the 
graphitizability to the behavior of the plastic mesophase. 
These heteroatoms had similar effects in increasing the 
viscosity and decreasing the plastic range of the mesophase. 
Concurrently the graphitizability was reduced and could be 
completely suppressed by sufficiently high concentrations 
of oxygen or sulfur in the starting materials. These effects 
were non-linear; modest amounts of the heteroatoms had 
little effect on the characteristics of the mesophase, but 
when a threshold concentration level was exceeded, e.g., 
five wt.- % sulfur added to polyvinyl chloride, [26] the 
fluidity of the mesophase as well as the temperatures 
defining the limits of its plastic range dropped sharply. In 
the case of sulfur, Kipling et al. [26] attributed these effects 
to cross-linking reactions induced in the early pre-
mesophase stages of pyrolysis. 
An example of a randomly oriented, fine-structured 
coke produced by pyrolysis of a petroleum asphalt is given 
in Figure 8. The asphalt was selected to sulfur content (4.4 
wt.-% in order to obtain the mesophase transformation but 
with little rearrangement after coalescence. 
It should be noted that these chemical effects on the 
properties of the mesophase are not necessarily limited to 
heteroatoms such as oxygen or sulfur, which may be 
present in the starting materials, but apparently may also be 
achieved by varying the chemical structure of the starting 
materials to cause different sequences of pyrolysis reaction 
to be followed. Smith and Harper [27] found that, while 
* It would be convenient but misleading to describe the lamelliform 
microstructure of the coalesced bulk mesophase in terms of grain 
size, e.g., to describe in simple terms the difference between the fine 
structure formed initially in the coker feedstock (Figures 7 and 8) 
and the coarse structure usually found in a pitch-base mesophase 
immediately after coalescence. The apparent grain boundaries are in 
fact polarized-light extinction contours, and the region between any 
pair of contours consists, in the simplest and most common cases, of 
curved layers whose orientation on the plan of section varies by 90 
from one contour to the next. 
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pyrolyzed to 452°C 
mesophase transformation 
and stringy coalescence 
in progress 
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pyrolized to 468°C 
'two-phase' structure 
forming during later stages 
of mesophase transformation 
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crossed polarizers 
pyrolyzed to 6l7°C 
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400x 
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Fig. 7 Stringy coalescence and 
the formation of a two-phase 
microstructure in a petroleum 
coker feedstock specified to 
contain 0.6% to 1.0% sulfur. 
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a) Coa lescence in progress , pyrolyzed to 432°C, b) After hardening by continued pyrolysis to 586°C, 
400x, crossed polarizers. 800x, crossed polarizers. 
F ig . 8 The coa lescence of fine mesophase spherules in a petroleum asphal t (4.4 wt.—% sulfur) se lec ted 
to produce a randomly oriented, fine-structured coke . 
isotruxene is graphitizable, its isomer truxene is not, and 
that truxene may be mixed with isotruxene to vary the level 
of graphitizability. The two-phase microstructure of Figure 
7 also suggests the existence of two or more sequences of 
pyrolytic reactions and products in the same specimen, 
leading to a structural segregation during the mesophase 
transformation. It is worth noting that the manner of 
development of this two-phase microstructure is consistent 
with the observations of Ihnatowicz et al.[4] who found 
that materials of lower graphitizability transform to 
mesophase at lower temperatures. 
Continued pyrolysis of the freshly formed mesophase 
causes further dehydrogenation reactions. Unless the 
mesophase has hardened immediately after coalescence, the 
nucleation, growth, and percolation of bubbles produces 
extensive flow or plastic deformation which constitutes 
another important mechanism of structural refinement. 
Figure 9 illustrates the refinement produced by bubble 
percolation in an extracted coal-tar pitch whose mesophase 
displays the usual coarse microstructure immediately after 
coalescence. Previous work [6] has shown that the regions 
displaying a fibrous array of polarized-light extinction 
contours are comprised of folded lammelae with a strong 
preferred orientation of layers parallel to the extinction 
contours. The mosaic regions apparently result from a 
different plane of section through the same type of folded 
and oriented microstructure. The density of layer-stacking 
defects, corresponding to the nodes and crosses in the 
extinction contours, has increased by several orders of 
magnitude, but the structure of the defects, as inferred 
from their response to rotation of the plane of polarization 
of the incident light, is essentially the same as found in the 
coarse-structured mesophase. 
As pyrolysis proceeds, the viscosity of the mesophase 
increases until it is no longer plastically responsive to the 
stresses of bubble percolation. The complex arrays of 
folded lamellae and linear discontinuities in layer stacking 
are then frozen into the mesophase microstructure, and the 
further effects of heat treatment comprise principally 
fine-scale modifications, namely, shrinkage cracking or 
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Fig. 9 The refirement of lamel­
liform microstructure by bubble 
percolation in an extracted 
coal-tar pitch pyrolyzed to 
515°C. 
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Fig . 10 Shrinkage cracking in an extracted coal-tar pitch heat-treated to 800°C. 
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a) Heat-treated to 1400°C 
575x, Oil immersion sensitive tint. 
b) Heattreated to 3000°C 
2200x, Oil immersion, sensitive tint. 
Fig. 11 Fold-sharpening and polygonization in an extracted coal-tar pitch heat-treated to calcining and 
graphitizing temperature. 
fissuring, the sharpening of folded regions to form linear 
boundaries, and polygonization as the final step of graphiti-
zation. Although the hardened mesophase is much less 
fragile in respect to polishing processes, some care is still 
required in the final steps of preparation because high 
magnifications are necessary to resolve the microstructural 
modifications as the temperature of heat treatment is 
increased from 500° to 3000°C. 
Shrinkage-cracking is the first effect observed on heat-
treating the hardened mesophase. Lenticular cracks, 
generally running parallel to the mesophase layers, open up 
as the result of a greater shrinkage perpendicular to the 
layers than parallel to them. The cracks appear first in 
coarse-structured regions and at folds in the mesophase 
layers; for example, shrinkage-cracking is extensive in a 
coarse mesophase from extracted pitch pyrolyzed to 
620°C, [6] but no cracks are microscopically observable in 
the fine structured mesophase heat-treated to 617°C and 
shown in Figure 7. At first the cracks are of short range, 
i.e., confined to lengths of the order of the spacing between 
polarized light extinction contours, but they rapidly in-
crease in length as well as the heat treatment is intensified. 
Figure 10 illustrates long-range fissuring as well as 
numerous short-range shrinkage cracks formed in an ex-
tracted coal-tar pitch heat-treated to 800°C. It may be 
noted that complete impregnation by the epoxy resin has 
avoided serious polishing relief and allowed adequate 
definition of the crack geometry. The layer-stacking defects 
do not appear to play a significant role in respect to the 
formation of the shrinkage cracks. The majority of the 
cracks run parallel to the mesophase layers leading to a 
porosity consisting almost entirely of exposed layer sur-
faces rather than edges. 
The phenomena of fold-sharpening and polygonization, 
as they occur in an extracted coal-tar pitch at temperatures 
representative of the processes of calcination and graphiti-
zation, are illustrated in Figure 11. The removal of 
boundary restraints and the development of appreciable 
voidage by shrinkage cracking permits the small bulk 
displacements which are necessary for fold-sharpening and 
epoxy resin has to be: unsaturated polyester 
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Fig. 12 The mesophase transformation in an impregnating pitch of relatively low content of insoluble 
particles, a) Pyrolyzed to 423°C / 820x, Crossed polarizers, b) Pyrolyzed to 452°C. / 82Ox, Cross-
ed polarizers. 
polygonization. 
Subtle changes in the geometry of some folded layers 
become noticeable in pitch-base mesophase heat-treated to 
1200 C, and fold-sharpening is crealy evident in specimens 
heat-treated to 1400°C. In general, shrinkage cracking tends 
to break a fold into segments at fairly regular intervals, and 
these segments sharpen to decreasing radii of curvature. In 
many cases the curvature is beyond optical resolution, and 
the fold takes an appearance suggestive of a twin boundary. 
The extent of fold-sharpening in a given material increases 
as the intensity of heat treatment is increased, but the 
process is still not complete at 3000° C. Concurrently the 
x-ray diffraction parameters vary monotonically, the layer 
spacing steadily decreasing toward the value for a graphite 
crystal and the crystallite size Lc tending to values in excess 
of 1000 Å for heat treatments to 3000°C. 
The phenomenon of fold-sharpening appears to con-
stitute the first point at which the process of final 
graphitization becomes microscopically evident, and the 
observations are in agreement with the model of graphiti-
zation proposed by Ruland.[28 ] The curved and folded 
layers of the hardened mesophase forbid extensive crystal-
line atomic registry perpendicular to the layers and intro-
duce the possibility of varying degrees of translational 
disorder between adjacent layers. [29] When the boundary 
restraints are relaxed by shrinkage cracking, shear displace-
ments can take place to reduce the translational disorder 
and accumulate the layer curvature into a well-defined 
boundary which would be a twin boundary in the ideal 
case. The fact that fold-sharpening is observed to take place 
over an extensive range of temperature is consistent with a 
wide range of layer curvatures and consequent degrees of 
translational disorder as well as varying levels of relaxation 
of the boundary restraints. 
The polygonization effects, which comprise the final 
step of graphitization, appear in several ways by optical 
observation. When observed by polirized light (cf. Figure 
lib), mosaic block structures become evident as various 
levels of extinction over regions of the order to a few 
microns. Flecks indication narrow bands of markedly 
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Fig. 13 The segregation of insoluble particles by the mesophase transformation in a briquette pitch, 
a) Pyrolyzed to 466°C / 820x, Crossed polarizers, b) Pyrolyzed to 489°C / 820x, Parallel pola-
rizers. 
different orientation from that of the surrounding material 
are found, usually on the concave side of a folded region 
and of decreasing thickness with increasing distance from 
the shrinkage crack. The flecks appear to be kink bands 
formed to relax the compressive stresses generated by the 
tendency to shear the layers into graphitic registry. It 
should be noted that these microstructural processes occur 
on a scale better suited to electron than optical microscopy 
and that the foregoing observations are consistent with the 
electron micrography by Woodruff.[30]. 
The foregoing results apply to graphitizable materials 
which are relatively free of paricles insoluble in strong 
solvents such as quinoline. Although insoluble particles may 
form during the pre-mesophase stages of the pyrolysis of 
extracted pitch or other insoluble-free starting materials 
(e.g., as evidenced by the roughness of the lower meso-
phase-matrix interface of Figure 5), the quantity is usually 
not sufficient to interfer seriously with the preparation. 
However in commercial materials, and especially in the 
common grades of binder pitches, insoluble particles are 
always present, and their effects on the transformation and 
coalescence of the carbonaceous mesophase must be taken 
into account if the microstructures of conventional 
graphitic artifacts are to be fully understood. When present 
to the extent usually found in commercial coal-tar pitches, 
the hard insoluble particles can seriously complicate the 
polishing process. It is usually expedient to accept some 
scratches due to pull-outs of these particles in the final 
polish as well as some polishing relief around the particles 
in specimens which have not been heat-treated beyond the 
point of mesophase hardening. 
The mesophase formed while the transformation is still 
in progress is illustrated by Figure 12 for an impregnating 
pitch whose insoluble content is relatively low. As origin-
ally noted by Brooks and Taylor, [1,2] the insoluble 
particles are found associated with the mesophase as soon 
as transormation is observable, although they are never 
incorporated into the body of the mesophase and are thus 
swept along in the mesophase-matrix interface as the 
transformation progresses. The insolubles interfere notice-
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Fig. 14 Sensitive micrographs to illustrate the alignment of a pitch-base mesophase on flakes of natural 
graphite and particles of a calcined needle coke, a) flakes of natural graphite; b) particles of needle coke. 
ably with the coalescence process leading to the presence of 
islands of untransformed pitch; these islands often display 
spherules growing within them. 
The mesophase formed in a briquette pitch containing a 
larger fraction of insoluble particles is shown in Figure 13. 
In this case the mesophase-matrix interface is clogged with 
insoluble particles, which alter the normal spherical shape 
of the spherules. The sweeping action of the mesophase-
matrix interface proves to be an effective segregation 
mechanism for the insoluble particles. When the transfor-
mation is complete, the insolubles are left in a three-
dimensional network outlining the interfaces at which the 
growing mesophase bodies met. Although the segregation of 
insolubles may be expected to have substantial effects on 
the properties of bodies made with pitch binders, it should 
be noted that the lamelliform microstructure of the 
insoluble-free portion of the bulk mesophase is essentially 
the same as that of mesophase prepared from extracted 
pitch. 
The behaviour of the carbonaceous mesophase in con-
tact with various substrate materials is of practical impor-
tance not only in respect to the conventional fabrication of 
graphitic materials but also in regard to fiber-reinforced 
graphitic composites, graphite-matrix nuclear fuel systems, 
and carbon-impregnated refractories. All such practical 
composites pose serious problems of polishing relief. 
Figures 14, 15, and 16 show that the modified polishing 
procedure is adequate to demonstrate the striking align-
ment behavior of the carbonaceous mesophase on various 
substrate surfaces, including natural graphite flakes, 
particles of a calcined needle coke, and various structures of 
pyrolytic carbon. 
Brooks and Taylor [1,2] first reported that the meso-
phase formed from coal-tar pitch wets graphite and mica 
flakes and that the mesophase layers tend to align parallel 
to the layer planes of these substrate materials. This 
alignment behavior is illustrated by the sensitive-tint micro-
graphs of Figure 14 for the mesophase formed from an 
extracted pitch pyrolyzed with natural graphite flakes or 
with sized particles of a calcined needle coke of high 
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Fig. 15 The alignment of mesophase layers with graphite substrates. Above: natural graphite flakes in 
pitch-base mesophase pyrolyzed to 4 3 6 ΐ . Below: calcined needle coke in pitch-base mesophase 
pyrolyzed to 600°C. 
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Fig. l6 The alignment of pitch-base on various structures of pyrolytic carbon coatings prepared in the fluidized 
bed. Pyrolysis temperature: 555°C. a) 200x, sensitive tint b) 200x, sensitive tint. 
preferred orientation. Even after extensive plastic defor-
mation by bubble percolation, the mesophase immediately 
adjacent to each flake or particle is aligned parallel to the 
layer planes of the substrate particle. These alignment 
effects persist through the hardening process. In the case of 
coke bearing specimens, the alignment effect is sufficiently 
strong that, after heat-treatment to 1400 °C, polarized-light 
extinction contours of the coke particle run across the 
mesophase-coke interface without alteration and it becomes 
difficult to establish the precise location of the original 
interface. 
The alignment behavior of the carbonaceous mesophase 
formed by the pyrolysis of an extracted pitch is indicated 
more explicitly by the structural sketches of Figure 15. 
There was no evidence for enhanced nucleation of the 
mesophase on the substrate surfaces. The mesophase 
appears to nucleate as spherules in the matrix liquid; upon 
encountering a substrate flake or particle in the bubbling 
liquid, the mesophase wets the surface and aligns with it. 
As shown in Figure 16, the alignment behavior also 
occurs with certain pyrolytic carbon structures. Complete 
wetting occurred with all four structures of the pyrolytic 
carbon coatings, and alignment is clearly evident with the 
laminar and columnar structures. Evidence was also ob-
tained of mesophase alignment with the surface of the 
isotropic structure as well as with the coarser elements of 
the granular substrate. 
CONCLUSION 
The problem of understanding the development of the 
morphology during the pyrolysis of a graphitizable material 
is unique because the fundamental process of layer align-
ment involves the formation of a liquid crystal, the 
carbonaceous mesophase, whose units of structure are large 
planar aromatic molecules. We 'know little about the 
structural details of the aromatic platelets or the properties 
of their assembly as a mesophase, whose existence as a 
liquid may be only transient before hardening occurs at the 
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temperature of the transformation. However the micro-
graphic observations permit us to distinguish clearly two 
regimes of pyrolysis: the liquid range, from the formation 
of the viscous liquid crystal to its hardening to an 
effectively solid coke; and the solid range, during which the 
hard coke gradually softens to a crystalline graphite. 
Although the liquid range constitutes, in terms of 
temperature only a few percent at most of the total range 
of a graphitizing heat treatment, it is in this short liquid 
range that the morphological elements of the bulk meso-
phase are established by three distinctive mechanisms: 
1) Nucleation and growth of spherules of liquid mesophase. 
2) Coalescence of the spherules and subsequent structural 
rearrangement to form bulk mesophase of lamelliform 
morphology with four types of layer-stacking defects. 
3) Deformation of the viscous mesophase by bubble per-
colation, or other applied stress, leading to intensified 
folding of the lamellar structure and sharp increases in 
the density of the layer-stacking defects. 
In the practical materials conventionally used in the 
fabrication of graphitic artifacts, the action of these 
mechanisms depends on the chemistry of the starting 
material and is complicated by the interaction of the 
mesophase with insoluble particles and with substrate 
materials, such as the filler cokes in a binder-filler artifact. 
The focus of attention on the short plastic range of the 
mesophase introduces difficulties in the preparation of 
specimens representative of the various stages of micro-
structural development which may occur in a temperature 
range of a few degrees. However the pyrolysis of a series of 
specimens in a temperature gradient has been found 
effective, firstly to explore the temperature ranges of 
interest in a preliminary experiment with a steep gradient, 
and then to prepare specimens varying as gently as desired 
in intensity of heat treatment in subsequent experiments 
with lower but better-placed temperature gradients. The 
application of this method to simplified specimens, e.g. 
sized natural graphite flakes in extracted coal-tar pitch, has 
permitted observations of microstructural characteristics 
which are difficult to resolve in practical artifacts. 
While the mesophase transformation effects the parallel 
alignment of the pregraphitic aromatic platelets, the start-
ing point for the formation of the characteristic lamelliform 
morphology of the bulk mesophase is the coalescence 
process, which appears to proceed by the interleaving of the 
layers of contiguous mesophase bodies. The degree of 
refinement of the microstructure depends on the ability of 
the mesophase to rearrange by flow as ongoing coalescence 
processes add to the structural complexity by introducing 
layer-stacking defects. The extent of rearrangement toward 
a coarse microstructure with relatively few layer-stacking 
defects is limited by the mesophase viscosity, which 
increases as pyrolysis continues until the mesophase has 
hardened. 
In this context the work of Ihnatowicz et al. [4] and of 
Kipling et al. [26] is significant in indicating that the 
mesophase viscosity is profoundly affected by the chemical 
composition and structure of the starting materials as they 
determine the sequences of pyrolytic reactions producing 
the mesophase molecules. Despite the complexity of these 
reactions, the micrographie evidence( e.g., the 'two-phase' 
structure of Figure 7) indicates that they can be character-
ized in terms of the microstructures of their coalesced 
mesophase products. Thus a knowledge of the relationships 
of the chemical structure of the starting materials to the 
mesophase microstructures developed on pyrolisis offers a 
promising approach to the control of morphology in 
graphitic materials. The openness of this field for further 
work is demonstrated by the fact that some coke structures 
of practical significance, e.g., the spherical structures of 
gilsonite cokes, have yet to be described in terms of their 
formation by mesophase mechanisms. 
The deformation of the plastic mesophase by bubble 
percolation tends to produce a needle-coke structure in any 
mesophase which does not harden soon after coalescence. 
Since the folded and oriented morphology of needle coke is 
desired for cokes employed in the fabrication of graphite 
electrodes, it would appear feasible to apply mechanical 
deformation at a suitable point before hardening to 
produce cokes of enhanced needle-like character. 
After hardening of the mesophase, the principal micro-
structural effects of heat-treating through calcination and 
graphitization temperatures are, in order of occurrence: 
1) Shrinkage-cracking opening up lenticular or lamellar 
cracks. 
2) Fold-sharpening, involving shear displacements to attain 
the graphitic interplanar registry. 
3) Polygonization, appearing as the formation of mosaic 
blocks and kink bands. 
Shrinkage-cracking, by relaxing the boundary constraints, 
appears to be an essential precursor to fold-sharpening and 
polygonization. Important as these latter processes are to 
the development of graphitic characteristics such as good 
thermal and electrical conductivity, it should be appre-
ciated that microstructurally these processes comprise only 
small modifications to the lamelliform morphology estab-
lished in the liquid range of the mesophase and occur at a 
scale such that they are best studied by the methods of 
electron microscopy. 
The presence of insoluble particles and substrate grains 
in the liquid-phase pyrolysis of a graphitizable material has 
several effects which are relevant to understanding the 
development of the morphology of commercial binder-filler 
artifacts. The segregation of insolubles in a coal-tar pitch by 
the sweeping action of the mesophase transformation 
boundary leads to a three-dimensional network of 
insolubles which, in company with their inhibiting action 
on the coalescence process, would appear detrimental to 
the mechanical integrity of a fabricated body in which this 
material served as binder, [12] The difficulty encountered 
in distinguishing micrographically the three usual 
components of a commercial graphite, i.e., filler, binder, 
and imprégnant, is explained by the wetting and aligning 
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characteristics of the carbonaceous mesophase. One can 
foresee potentional applications of these characteristics in 
the development of fiber-reinforced carbon composites or 
in the coating of nuclear fuel particles by liquid-phase 
pyrolysis. 
We believe that the foregoing results indicate that the 
microstructures of complex graphitic materials can be 
understood in terms of the behaviour of the carbonaceous 
mesophase. Accordingly a more complete exploration of 
the properties of the mesophase formed from the various 
starting materials of current or potential interest for 
graphite fabrication should provide a scientific basis for the 
control of the morphology. For example, two mechanisms 
for the manipulation of the morphology are already clear: 
(1) formation of fine-structured isotropic cokes by 
adjustment of the chemical composition of the starting 
material to yield a viscous mesophase with a short liquid 
range: (2) application of mechanical deformation in the 
plastic stage of the mesophase to induce a more highly 
oriented needle-coke structure. 
SUMMARY 
The microstructures formed during the pyrolysis and heat 
treatment of graphitizable materials, such as coal-tar pitch 
and petroleum coke feedstocks, were studied by methods of 
polarized-light micrography. The principal features are 
established in the final stage of liquid-phase pyrolysis after 
the carbonizing mass has transformed into a liquid crystal, 
the carbonaceous mesophase, in which the large aromatic 
layer-molecules are aligned in a lamelliform morphology. 
A temperature-gradient heat-treatment technique was 
found useful to obtain specimens representative of the 
microstructures which evolve rapidly during the short 
plastic lifetime of the carbonaceous mesophase. The micro-
graphic preparation of the unhardened mesophase was 
accomplished by modifying established methods for 
graphitic materials to include a final step of polishing 
without abrasive. Diamond abrasives were found desirable 
in the rough and semi-final polishing to counter the relief 
developed when hard particles are present in unhardened 
mesophase. 
The structural mechanisms operating while the 
mesophase is plastic are coalescence of the transformed 
spherules, viscous flow to rearrange the lamelliform defect 
structure produced by coiaescence, and deformation by the 
formation and percolation of gas bubbles. The action of the 
latter mechanism is responsible for the characteristic 
oriented and folded microstructure of needle cokes, in 
contrast to the more randomly oriented microstructure of 
sponge cokes. Insoluble particles present in the pyrolyzing 
material are segregated by the sweeping action of the 
transformation boundary. The mesophase wets and aligns 
its layers parallel to the surface of substrate particles such 
as flakes of natural graphite or grains of calcined needle 
coke. 
The principal effects of further heat treatment through 
calcining and graphitizing temperatures are shrinkage-
cracking, fold-sharpening, and polygonization. Shrinkage-
cracking, appears as an essential precursor to the latter two 
effects which involve fine-scale bulk displacements to 
produce the graphitic interplanar registry. 
These studies indicate that the microstructure of 
graphitic materials is understandable primarily in terms of 
the behaviour of the carbonaceous mesophase, and further 
progress toward the control of the morphology of cokes 
and graphites should result from a more adequate know-
ledge of the relationships between the chemical 
composition and structure of the starting material and the 
behaviour of the mesophase in its short range of plastic 
existence. 
The structural mechanisms operating while the 
mesophase is plastic are coalescence of the transformed 
spherules, viscous flow to rearrange the lamelliform defect 
structure produced by coiaescence, and deformation by the 
formation and percolation of gas bubbles. The action of the 
latter mechanism is responsible for the characteristic 
oriented and folded microstructure of needle cokes, in 
contrast to the more randomly oriented microstructure of 
sponge cokes. Insoluble particles present in the pyrolyzing 
material are segregated by the sweeping action of the 
transformation boundary. The mesophase wets and aligns 
its layers paralllel to the surface of substrate particles such 
as · flakes of natural graphite or grains of calcined needle 
coke. 
The principal effects of further heat treatment through 
calcining and graphitizing temperatures are shrinkage-
cracking, fold-sharpening, and polygonization. Shrinkage-
cracking, appears as an essential precursor to the latter two 
effects which involve fine-scale bulk displacements to 
produce the graphitic interplanar registry. 
These studies indicate that the microstructure of 
graphitic materials is understandable primarily in terms of 
the behaviour of the carbonaceous mesophase, and further 
progress toward the control of the morphology of cokes 
and graphites should result from a more adequate know-
ledge oof the relationships between the chemical com-
position and structure of the starting material and the 
behaviour of the mesophase in its short range of plastic 
existence. 
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